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As paxtofan investigationofa thermalice-preventionsystem
fora cax~ airplanetheNACAhascompletedflightmessurementsof
thestructuretmpen3turesprevailinginthewingouterpsnelofthe
airplane.Sectionsofthewingpnel werealteredto representthree
commonJyeqiloyed*S ofthermalIce-preventionsystems.

-mtues oftiestructuralcomponentsoftheforwardpOr-
tionofthewingwere’obtainedforvariousnozmaloperatingcondi-
tionsof theairplaneat ~00, 10,000,and15,000feetpressure
altitude. Controlledtestsweremde to detezmdmetheeffectsof
heated+ temperature,heated+irflowrdte,airspeed,andaltitude
onthestructuretemperatures.

Thestructuretemperaturedatahavebeencompiledina table
whichshouldprovidean indicationofthestructuretempemimres
thatprevailina typicalair+heated*:

Thedataobtainedindicatethatthestructuretemperatures
whichprevkilh a thezmdice-preventionsystemaresufficiently
hightomeritsomeconsidemtioninthedesignofstressedmembers.
Thevariablescontrollingthestructuretempentureswereanalyzed,
andtheheated+irtemperaturewasestablishedaa thedominantvarf-
able. Thestructuretemperaturesincreasedh almostdirectpropor-
tionto increasesinheated+irtemperature,butweremuchless
effectedby changesinairflowrate,airspeed,smdaltitudeover
thetestrange.

Theconclusionisreachedthatthe mostMrectmethodfor
increasingdeficientsurfacetempemturesistoincreasethetem-
peratureoftheheatedairwiththeunderstanding,however,that
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thismethodwillresultina largerriseinstructuretemperature
thanwouldoccurifthesurfacetemperaturewereraisedby increas–
ingtheheated+irflowrate.

lmrRoDucmoIv

As partofan investigationofa thermalice-preventionsyetem
fora t~icaltmnspmt or cargoairplane,theNACAhasundertaken
an examinationofthepossibledeleteriouseffectsresultingfrom
thecirctitionofheatedairadjacenttotheairplanestructure.
‘J.!hisproblemwasnottreatedduringtheinitialstagesofthede-
velopmentofthermklice-preventionequipmentforairplanesby the
NACA(references1 to8)as itwasconsideredtobe of secondary
importance.

Thepxsibledeleteriouseffectsresultingfromairheatingof
thealuminumalloystructureofanairplsneare(1)thermalstresses
generatedby theexistenceof temperature~dients inthestructure,
(2)increasedsusceptibilityofthestructureto corrosion,(3)re-
ductionof theyieldandultimatestrengthofthestructurewhileit
isat elevatedtempentures,(4)creepofthestructureat elevated
temperaturesevenwhenthestressisbelowtheyieldpoint,and
(5)~fiicial-%@$ of thestructure.Thesubjectofthermal
stresseswastreatedintheseventhreportofthisseries,reference9.
A metallurgicalexaminationof thestructureofthecargoairplane
employedinthepresenttests(reference10)indicatedthatno cor-
rosiveeffectswerenotedwhichcouldbe attributedtothebasic
principleofusingfreestreamairas thehea+tranefermediumInthe
internalcirculatorsystemoftheairplane.Thereductioninulti–
mateandyieldstrength,andalsoartificialaging,aredependenton
themaximumtemperaturesachievedby thestructureandlengthof
the thatthestructureismaintainedat thesetemperatures.Creep
ofthestructuralmaterialisdependentonthesefactorsandalso
thestressimposedonthestructure.

!lleeffectsoftemperatureon thephysicalcharacteristicsof
sevemlaluminumalloyshavebeenquiteextensivelyinvestigated
(references11 to14). Therema~ problemfortheaircraftde-
signer,therefore,istopredictthestructuretemperaturesthat
willoccurduringoperationofthethermalice-preventionsystem.

Theestablishmentofbasicheat–transferdatawhichwouldbe
applicabletothecomputationofthetemperaturegradientsinall
airplanew~s wasnotconsideredtobe practicable.Itwasbe–
lieved,however,thatstructuraltemperaturedalxafora typical
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thermalice-preventionsystemwou.ldat least.prcmide
ofthedegreeoftemperaturerisetobe anticipated,

someindication
andmightpro-

videa basisforestimatingmaxinmmtemperaturesinfuturesimilar
installations. Accordingly,thepresentinvestigationwasunde~
takento determinethestructuretemperaturesintheleftwhg outer
panelof thecargoairplaneofreferences3 to 9. Theinvestigation
includedtestsatvariousnormaloperatingconditions,andother
testsinwhichthevariablesofheated+irflowrate,heated+irten+
perature,airspeed,andaltitudewerelndividualJyvariedtodetezmine
theeffectofeachvariableonthestructuretemperatures.

DescriptionofEquipment

me cargoairplanealteredby theNACAto providefoTthermal
ice-preventionisshowninfigure1. Thethermalice-prevention
equipment’installedintheairplaneisdescribedindetailinrefep
ence5. Thewingouter~el, whichis theconcernofthepresent
investigation,isofa distributedflange-typeconstructionwith
sparsat 30percentand70percentchord.Theairfoilsectionsof
theouterpanelvaryfromanNACA23017section(198in.chord)at
theroot(stationO)toanMACA4-410.5section(66in.chord)at the
tip(station412).Allofthewingstructuralmterialis24ST
Alcladd.ulKinlml~Oy. A typicalsectionoftheleadingedgeshow–
ingthealterationsmde toprovidethethermalIce-preventionsystem
isshowninfigure2. Ty_picaldetailsofthewingstructureare
illustratedinfigures3,4, 5,and6. Heatedairwassuppliedto
theouterpanelfroman e-ust gas-to+irh-t exchanger
(reference5). A valvewasincludedintheductimgfromtheheat
exchangertothewingto controltheheated+irflowrote.Theflow
ofheatedairwithina sectionofthewing.isillustratedin
figure2. Theflowofheatedairthroughoutthewingouterpanel
wassimilartothatshowninfigure2 exceptthatno noseribliner
was employedbetweenstations82and142andnonoseribltiernor
noseribswereemployedbetweenstati,ons292and412. Thisarrange-
ment(fig.7)provideddataforthreedifferenttypesof interdal
structure,allrepresentativeofpmsiblethermal+ystemdesigns.

Thetemperaturedatawereobtaimedfromthethermocouples
installedthrmighoutthewingleading+dgestructure.b thecase
ofthetiternalstructure,iron-constantanthermocoupleswereflash–
weldedto thestructure.Forwing-stiaceteqmratures,surface-typ
themocou~es(iron+onstantanthermocouplesrolledto0.002h.
thlclmess)werecementedtotheskim. me locati- oftheVViOUS
thermocouplesareshowninfigure8. ThezmmcouplesforwM.chno
datawereobtainedhavebeenomittedinfigure8 and,therefore,
somenmibersaremissingh thethermocouplenumericalorder.
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h ordertomeasurethetemperatureandflowmte of tieheatedair
deliveredtothewingouterpanel,useWaSmadeofthevent~imeter
andtemperaturesurveyintheductfromtheheatexchangertothe
wingouterpanelwhicharedescribedinreference5.

Thethermocoupletempratummwererecordedby a self+mlanclng
potentiometer.Theairplaneflightconditionswereobtainedfrom
thestandardaircraftW truments,andthemte of climbwasdeter-
minedby observingthechangeinpressurealtitudeforone+df
minuteintervals.

lm’ls

Temp3mMmredataforthewingouter-pmelstructurewere
obtainedforvariousoperatingconditionsoftheairplane.Data
we~eobtainedduringgroundwarm+q,take-off,andduringflightIn
clearairatapproxhately5,000,10,000and15,000feetpressure
altitudewiththeairplaneflownatvariousnormaloperatingcon–
ditlons. Onesetofdatawasobtainedincloudsanda similarset
wasobtainedin clearair(novisible-moisture)to illustratethe
effectsofabnosphericmoistureonthestructuretemperatures.
Testswerealsomadeduringflightin clearairto investigatethe
effectsofvariaticmsofheated+irflowrate,heated+irtempm?a—
ture,airspee~andaltitudeonthestructuretemperatures.The
heated+r flowratewasvariedby controllingthevalveintheduct
betweentheheatexchangerandthewingouterpanel.Theheated-
airtempmturewasvariedby ccmtrolofthepoweroutputofthe
leftengineandadjustingthepoweroutputoftherightengineto
providetieairspeeddesired.

RE9’DLTSANDDISCUSSION

Therecordedstructuretemperaturedataforthethreetyps of
constructionarepresentedintable1. Thevaluesofairspeedgiven
arecorrectedtidicatedairspeeds.The@ient+*temperature
valuesinthetablehavenotbeencorrectedfortheeffectsof
kineticheating.Thestructuretemperaturedataarepresentedas
tempratumrisesaboveambient+irtempemtureinthetableinorder
toprovidea ccmmmnbasisforcomparisonofthedata.Theactual
structuraltemperaturesthatwouldprevailatanygivenanibient+ir
tempmturemaybe approximatedby theadditionoftheambient%air
tem~~tureto thetemperaturerisesgivenin table1.

Thestructuretemperaturesmeasuredforthethreevariationsof
constructionusedinthelefWing outerpnel (ffg.7)arenot

.
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u
directlycomparablebecausetheairfoilsectionchangesthroughout
theS- bothinshapeandsizeandtheheatedairflowdiminishes
in-quantityandtempzatureas theflowprogressesspanwise.
However,thepresentationofthedataforthethreedesignswillgive
someindicationof thetemperaturetobe expectedinthreecommonly
employedt~s ofthermalice-preventionsystems.

●

Themaximumstructuretemperaturerisesmeasuredwereobtained
duringcltiboftheairplaneat 15,000feetpressurealtitude
(test13of‘tableI). Thehighestvaluesoftempmturerisefor
thevariouscomponentsofthethermalice–preventionsystemmeas–
uredduringthistestwere: noseriblines, 393°F;baffle@ate,
356°F; noserib,335°F; innerskin,317°F; andouterskin,
235°F.

By assumingthato~zationof thethermalsystemcouldbe
lintted.toa meximumfreeairtempemtureof 32°F, theactualtek
Teraturesofthesestructuralcomponentswouldbe 425°F, 388°F,
3670F, 349°f,and267°F, respectively.An indicationofthe
effectoftemperaturesofthismagnitudeontheyieldandultimate
strengthof24STAlcladisobtainablefromreferenceXL. In this
reference,thestrengthreductionisshowntobe a functionofboth
maximumtemperatureandtime.Fora durationof15minutesat the
teqemturespreviouslylisted,thereductionofyieldandultimate
strengthinyercentof thevaluesat 75°F forthewingcomponents
wouldbe: noseribliner,I-6percent(yield)and29percent
(ulthate);baffleTlate,15and22 yercent;noserib,14and18
yercent;tier skin,13andI-6~ercent;‘andouterskin,6 and10
percent.Fortimeslower than17minutesuptoatleast10hours,
theyieldstrengthremainsconstantor increaaesandtheultimate
strengthremainsconstantordecreases,dependingonthetempemture
considered(referenceXl).

It shouldbe pointedoutthattheairplanetestedhadno pro-
visionsforautomaticallycontrollingtheheatflmitothewing.
Consequently,at low-s~eedhigh-powerconditionssuchas thoseof
test13,theheatdeliveredto thewingwasconsidemblyinexcess
of thatrequiredforiceprevention.(Anaverageskin+hxqerature
riseof100°F indryairat theleadingedgeis consideredsatis–
factoryforicepreventionforthespeedrangeofthetestairplane,
as giveninreference3.)

&e heated+irtemperatureswhichprevailedduringtest13
(anaverageair-tempemturerise0.- 42koF at station37)werecon—
siderablyin.excessofthosethatprovidedsatisfactoryiceprevention

.
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duringtestsofthethermalsysteminnaturalicingconditions
(reference6). E themaximumheated+irtemperatureinthewing
wereregulatedtothatrequiredforicepreventionunderanynormal
fldghtconditionsoftheairplane,thestructuretemperatureswould
be considerablylower.Reference6 indicatesthatthemaximumactual
temperatureoftheheatedairleavingtheheatexchangersforthe
wingswas-a~yroximately340°F duringthetestsinnaturzilicingcob
aitions. Themeximnntemperatureinthewingductwouldbebelow
thisvalue.E theheated-airtempemtureinthewingductdidnot
exceeda maximumof 320°F ina 32°J?atmosphere,themsxdnmm
structuretemperaturerisesthatwouldprevailwouldbe a~o-tel~
noseribliner,266°F; baffleplate,240°F; noserib,w5° F;
innerslch,212°F; andouterskin,155°F. Thesevalueswere
approdmtedfromtherelationshipofheated-airtempemtureto
structuretem~mtureas discussedindetaillaterinthisrepmt.
They can be acceptedasvalidforanyflightconditionwithinthe
testrsmgewhereintheairtemperatureinthewingductM 320°F
ina 32°F atmosphere.i% thestructureweresub~ectedto thesetem-
peraturerisesfor15minutesina 32°F atmosphere,thereduction
intheyieldstrengthinpercentofthevalueat 75°F wouldbe
approximately3 percentfortheouterskinandk to9 percentfor
thebeffle plate,noseribliner,noserib,andinnerskin.The
correspondingult~te strengthreductionswouldbe approximately
6 percentand9 toIIpercent,respectively.Thesevaluesareco~
siderablylowerthanthoseobtainedwithoutanyregulationofthe
thermalsystem.However,theyaresufficientlyhighto illustrate
thatthestructuretemperatureswhichprevailina thernd.ice-pre-
ventionsystemmeritsomeconside~tioninthedesignofstressed
members.

Theeffectsofcreepand.artificialagihgofAlclad24ST
aluminumalloyarediscussedinreferences12and14,respectively.
Creepisdependentonthestructuretemperature,thetimeinterval
thata mmiberissubjectedto thetemperature,andthestress*
posedonthememberduringthetimeinterval.Artificialagingmay
p&l.ucea changein@ysicalpropertieswhichwin ramainafterthe
structurecools,andtheextentofagingisdependentontheten+
peraturesreachedandthelengthoftimethatthemeniberissub-
jectedtothesetemperatures.Thedataofreferences12and14
indicatethattheeffectsofcreepandartificialagingarenegli-
gibleforAlclad2kSTaluminumalloyat temperaturesbelow3,00°F.
At tezqe~turesabovethisvaluethedesignofstressedmenibersmay
requiretheconsiderationof thesefactom. Datapresentedin
reference10 showthatartificialagingwaspresentinthesection
ofthewingoftheC-k-6airplimewheretheheatedairimpingedupon

*
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thebaffleplateon enteringthewing. Theresultwasa decrease
inelongation,a markedincreaseinyieldstrengthanda slight
increaseinultdmatestrength.

Attemptshavebeenmadetopredictthestructuretempemtums
prevail@ ina heatedwingandtheattendanteffectsonthe
structure.Insufficienthea+tmnsfer dataareavailable,however,
toanalyze,withmy accuracy,theheatflowintheccqlexstruc-
tureofa wing. Thetitsof thisreport,however,canservetoaid
inthepredictionofstructuretemperaturesby showingtheeffect
of thevariablesofheated+ temperature,air-flowrate,altitude,
airspeed,andfreewaterintheatmosphereonthestructuret-
peraturesmeasured. .

Theeffectsofheated+airtemperature(tests16 to20)andof
heated+ir+?lowrate(tests17,~ and22)arepresentedInfigures9
and10,respectively.Thedataplottedinthesefiguresarerepr~
sentativeofthestructuretempemturerisesthroughoutthe*.
An analysisoffigure9 indicatesthatthestructuretemperatures
increaseinalmostdirectprqortiontotheincreaseinheated+
temperatures.Forexample,iftheheated+irtemperatureis
increasedkOpercent,allofthestructuretenqeraturesarein-
creasedby approximately@ percent.Figure10 indicatesthata
changeinflowrateof1000poundEperhourchangesallofthestruc—
turetemperaturesby aboutU.”F. Thuea changeinair+lowrate
affectsthelowstructureteqemturesmore,inpqmrtion,thanit
affectsthehighstructuretemperatures.Foremample,iftheflow
rateisincreased@ percentfrom3000pmndsperhour,figure10
indicatesthatS+ (askintemperalmwe)wouldbe increasedby about
19percent,whileM30~a baffle-platetempemture)wouldbe in-
creasedby onlyapproximately6 percent.

Inthecaseofheated+ingdesign,therefore,whichwasdefi–
cientinsurfac~temperaturerisebutcriticalininternal-structure
tempemturejthemoredesimblemethodofincreaslmgtheskint-
peraturewouldbe to increasetheair-flowrate.Thiswouldresult
intheachievementofthedesiredskintempemtureata minimum
increaseinstructureteqmrature.If thestructuretemperatures
werenotcritical,however,theskintemyeraturescouldbe increased
mostefficientlyby increasingtheheated+irtempem.ture.fi the
caseofthepresentteststherangeofai~flowrateswasnotlarge
and,consequently,thestructure-temperaturedatawerealmostinde-
pendentofai~flowrate.

h examinationoftests6 and23indicatesthata changein
airspeedfrom114to162milesperhourhadlittleeffecton the

.
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structuretempemtures.Tests9and19showthata cha@e inalti-
tudefrm 14,900feetto 10,000feethadlittleeffectonthestruc–
turetemperatures.Thesefourtestsaretheonlyoneswhichcanbe
directlycompredto showtheeffectsof changesinairspeedsad
altitude.A furtherindicationthatthestructuretem~eratures-
werepracticallyindependentofaltitude,airspeed,andai~low
ratefortherangeofthesetests,however,canbe obtainedby
plottingstructure-temperatureriseas a functionofheated-airt-
peratureriseandnotingthescatterof the.data.Thishasbeen
doneinfigure31,inwhichallofthedataforseveralthemo-
coufles(exce~ttests1 and.15)arepresented.Thecurvesof
figure9 havebeenreproducedonfigure11asa basisof comparison.
Figure11showsthatthetest‘variationsinflownte (3075lbper
hr to6000lbperhr),pressurealtitude(S.L.to15,900ft),and
indicatedairspeed(114to170m@), hadlittleeffectonthestruc-
turetemperatures,andthatallofthestructure-tempem.turedata
obtainedMy be consideredas a functionofonlyduct-airtempe~-
turewithoutseriouserror.

Theeffectofthepresenceoffreewaterintheairm the
structuretemperaturesisevidentfroma comparisonoftests14and
15● Theprinci~ influenkeofthewateristoproducea reduction
ofleadlng+dgesurfacetemperaturesas shownforwingstation11.2
infigure12. Theregionof surfac~temperaturereductioncorre-
spondsapproximatelyto theexeauponwhichtieclouddropsimpinge,
andMttle effectisnotedrearwardfromthatarea. Thus,the
nose-ribtemperaturessftof 5 @rCentchordandthebaffl-plate
temperaturesarenothfluencedappreciablyby flightinclouds.
Theeffectoffreewateronstructuretemperaturesareof interest;
however,clear-airstructuretemperaturesshouldbeusedforthe
designselectionofmaximumstructuretemperatures,sincethermal
systemsareusuallyoperatedconstantlyinpotentialicingco*
ditionsandthecriticalstructuretemperatureswouldbe encountered
duringperiodsofflightbetweenclouds.

At severalpointsthe presentdataarenotinqgeementwith
conclusionspresentedinreference15. Zhisreferencepints out
thattheinnerskintempe~turemaybe a~~tely thesameas
theouterskintemperature,asa resultofalmostperfectconduction
ofheatfromtheinnertotheouterskin. me referencesuggests,
therefore,thattheeffectivesurfacefortheremovalofheatfrom
theheatedairinthedou%l~kinregionisthesumofthesurface
axeasoftheinnersmdouterskin.Thedataofthisreprb show
that,at leastforthetestaime, theavezagetemperaturerise
oftheinnerskinwaE1.5to 2.0tfmestheaveragetemperaturerise

M
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of theouterskin.Thisresultwouldindicatepor heattransfer
betweentheskins,andthattheconservativedesignassumptionwould
be toassumethatonlya small~rtion,ifany,of theheatflow
fromtheheatedairtotheinnerskinis eventuallytransferredto
theouterskin.Reference15alsopints outthatthetemperature
of thebaffleplatemaybewithina fewdegreesoftheouterskin
tempemture.Thedataofthisreport(talleI) showthebaffle-
platetemperaturerisestobe 2 to 3.5timesashighas theouter
skinaveragetemperature
theuseofthebtifleas

rise,whichwouldproveofiqnrta.nceif
a s~ is contemplated.-

CONCLUSIONS

Thefollowingconclusionsarebasedonflightdataobtained
duringtheoperationofa typicalthermalice-preventionsystem,
andareapplicabletothermalsystemssimilartotheonetested:

1. Thereductionofultimateandyieldstrengthresulting
fromtheelevatedtempemturesofthestructuralcom~nentsofa
heatedwingmeritsconsiderationinthedesign,pticularlyfora
systeminwhichtheheated+d.rtemp6~turesarenotregulated.

2. Thestructuretemperaturesareprimarilyaffectedby the
teqmratureoftheheatedairemployed,andincreasealmostindi–
rect
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Figure 3.- Corrugated Inner skin and revised nose ribs installed In leadlng edge
outer pmel of the oargo airplane.
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Figure4.–Rearviewof5.Mercent+hordbafflepkte installedin
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Figure5.–NoEelinerinrigh~~
outer-pmelleadhgedgeviewed
frominboardend.
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Figure6.– Typicaldetailsofattach-
mentofretisedw~ oute?+panel
leadingedgetooriginalstructure.
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FIGUQE Z-LOCATION AN. GEM%??L /AOEZM4L LEW&V o? 7H!
THREE TYPES 0/= LE@/NG EDGES TESTED/N THE OVZEP W//dGPANEL.
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